Introduction {#s0001}
============

Diabetes mellitus is considered a group of metabolic disturbances of which the main characteristic is the high blood levels of glucose. Type 2 diabetes (T2DM) has become one of the biggest burdens in world health.[@cit0001] This scenario is associated with increasingly prevalent overweight and obesity because these diseases are related to metabolic disturbances leading to T2DM.[@cit0002]--[@cit0004] Obese T2DM patients have a worse prognosis and are significantly more susceptible to develop cardiovascular diseases, representing a life-threatening health problem with increased rates of morbidity and mortality.[@cit0003],[@cit0005]

Multiple pathophysiological alterations are involved in the development of cardiovascular disease in obesity and T2DM such as insulin resistance, inflammation and oxidative stress.[@cit0003],[@cit0004] Increased concentrations of circulating free fatty acids promote metabolic abnormalities and systemic inflammation, and leads to vascular dysfunction and reduced endothelial nitric oxide production.[@cit0004],[@cit0006] Additionally, obesity is correlated with treatment-resistant hypertension, and obese patients may develop atypical responses to common anti-hypertensive drugs, including increased risk of renal dysfunction due to inhibition of the renin--angiotensin system.[@cit0007]

Among cardiovascular complications detected in T2DM subjects, diabetic cardiomyopathy (DC) is a heart disease promoted by insulin resistance in heart cells.[@cit0008] DC develops independently of associated cardiovascular risk factors, such as coronaropathy and hypertension, and frequently leads to cardiac dysfunction, culminating in heart failure.[@cit0008],[@cit0009] Previous works have already demonstrated that hyperglycemia, hyperlipidemia, oxidative stress, inflammation, myocardial remodeling and fibrosis are important factors to the pathophysiology of cardiac injury in DC.[@cit0010]

Local inflammation triggered by insulin resistance is pivotal to sustain hypertension and the cardiac remodeling observed in DC. It is now recognized that association of anti-diabetic and immunomodulatory effects impairs the progression of cardiovascular disease.[@cit0011] Tumor necrosis factor-alpha (TNF-α)-targeted therapy is particularly relevant because this cytokine plays a key role in adipose tissue inflammatory cell activation and development of insulin resistance and cardiac dysfunction.[@cit0011]--[@cit0013]

Despite its importance in the pathogenesis of obesity-associated T2DM, obese subjects show impaired response to current biopharmaceuticals targeting TNF-α.[@cit0014] Hence, small-molecule drugs remain a better alternative to treat obesity-linked disorders, because rationally designed drugs can lead to improved pharmacokinetic, pharmacodynamic and safety profiles.[@cit0015] Recently, a thalidomide analogue, LASSBio-1425, was characterized as an orally active TNF-α inhibitor and showed anti-inflammatory and lipid-lowering effects apart from improving endothelial function in hyperlipidic diet-fed rats.[@cit0016]

The *N*-acylhydrazone (NAH) scaffold is regarded as a privileged structure because it is found in many bioactive compounds, and examples of anti-inflammatory, anti-hypertensive, and anti-hyperglycemic NAH have already been reported.[@cit0017]--[@cit0019] Compound (*E*)-3-amino-*N'*-((3,5-dimethyl-1-phenyl-1*H*-pyrazol-4-yl)methylene)benzofuran-2-carbohydrazide (LASSBio-2090; [Figure 1](#f0001){ref-type="fig"}) is a newly synthetized NAH initially conceived to fulfill the main structural requirements of dipeptidyl peptidase 4 (DPP4) inhibitors.[@cit0020] LASSBio-2090 was designed using NAH as a linker between 3-aminobenzofuran and 3.5-dimethylphenylpyrazole groups, both generated from the LASSBio-1425 structure by applying bioisosterism and molecular simplification strategies, respectively.[@cit0019],[@cit0021]Figure 1Design of LASSBio-2090 ((*E*)-3-amino-*N*'-((3,5-dimethyl-1-phenyl-1H-pyrazol-4-yl)methylene)benzofuran-2-carbohydrazide).

The present study aimed to investigate whether treatment with LASSBio-2090 would improve metabolic and cardiovascular functions in a well-known experimental model of obesity-associated T2DM, the Zucker diabetic fatty (ZDF) rat.[@cit0022]

Methods {#s0002}
=======

Drugs and Reagents {#s0002-s2001}
------------------

LASSBio-2090 was synthesized by Laboratório de Avaliação e Síntese de Substâncias Bioativas at Universidade Federal do Rio de Janeiro, Brazil, and was dissolved in dimethylsulfoxide which was purchased from Merck (Darmstadt, Germany). Phenylephrine (Phe) and acetylcholine (ACh) were dissolved in distilled water and purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies rabbit anti-c-fos (ab7963) and rabbit anti-receptor for advanced glycation endproducts (RAGE, ab3611) were purchased from Abcam (Cambridge, UK). Antibodies rabbit anti-inducible nitric oxide synthase (iNOS, \#2982), rabbit anti-TNF-α (\#3707) and mouse anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH, \#5174) were purchased from Cell Signaling (Danvers, MA, USA). Secondary antibodies goat anti-rabbit (\#1,706,515) and goat anti-mouse (\#1,706,516) conjugated to horseradish peroxidase were purchased from Bio-rad (Hercules, CA, USA).

Animals and Experimental Design {#s0002-s2002}
-------------------------------

All experimental protocols were approved by the Ethics and Animal Care and Use Committee of Federal University of Rio de Janeiro (license number 005/18). Male ZDF (fa/fa, 30 weeks old, *n* = 12) and Zucker lean (ZL) (+/?, 30 weeks old, *n* = 6) rats were obtained from Centro de Desenvolvimento de Modelos Experimentais Para Biologia e Medicina (São Paulo, SP, Brazil), and kept on the animal facility of Graduate Program in Pharmacology and Medicinal Chemistry (Rio de Janeiro, RJ, Brazil). Animals were kept in accordance with Brazilian Guide of Production, Maintenance and Utilization of Animals for Teaching or Scientific Research Activities (1st edition, 2016) approved by the National Council for Control of Animal Experimentation. Rats were fed with standard chow and water ad libitum and housed under controlled conditions (22--24ºC; 12/12 h dark/light cycle). Non-diabetic littermates were used as controls and male obese ZDF rats were divided randomly into two groups: ZDF treated with vehicle (dimethylsulfoxide) intraperitoneally (ip) and ZDF treated with LASSBio-2090 at 100 µg/kg/day ip, for 2 weeks. Rats were weighed daily, and individual doses were appropriately adjusted.

Biochemical Analysis {#s0002-s2003}
--------------------

Plasma levels of glucose, insulin, total cholesterol and triglycerides were measured before treatment (baseline) and at the end of the protocol (endpoint). Animals were fasted overnight for 12 hours and tail blood samples were taken the following morning. Glycemia and insulin were determined using an Accu-Chek monitoring system (Roche, Germany) and a commercial enzyme-linked immunosorbent assay (ELISA) kit (Rat Insulin ELISA; Merck, Darmstadt, Germany), respectively. Lipid profile was assessed using a commercial diagnostic kit (Bioclin, Belo Horizonte, Brazil). Surrogate indexes of insulin sensitivity were calculated from plasma biochemistry parameters to minimize stressful manipulation of obese animals. Quantitative insulin sensitivity check index (QUICKI) and triglyceride-glucose index (TyG) were calculated as originally described.[@cit0023],[@cit0024]

Echocardiography {#s0002-s2004}
----------------

Experimental groups were anesthetized by a 3% isoflurane/oxygen mixture through a nose cone during spontaneous ventilation. Anesthetized spontaneously breathing animals were placed in a shallow left lateral decubitus position. The left hemithorax was shaved and prepared with acoustic coupling gel to increase probe contact. Room temperature was maintained at approximately 25°C to avoid hypothermia. Cardiac function and structure were assessed both before (baseline) and after treatment (endpoint) as previously reported.[@cit0017]

Invasive Hemodynamics Measurement {#s0002-s2005}
---------------------------------

At the end of the protocol, rats were anesthetized with ketamine (80 mg/kg, ip) and xylazine (15 mg/kg, ip). Anesthesia depth was verified by pinching the animal's paw with forceps. Subsequently, a catheter (PE-50) was introduced into the right carotid artery, connected to a pressure transducer (MLT884; ADInstruments, Colorado Springs, CO, USA). Systolic (SBP) and diastolic (DBP) blood pressures were measured. Afterwards, the catheter was introduced into the left ventricle (LV) to record systolic (LVSP) and end diastolic (LVEDP) intracavitary pressures. The LV contraction and relaxation rates were assessed by positive and negative pressure derivatives (dP/dt), respectively. All hemodynamic measurements were digitized (Powerlab; ADInstruments, Sydney, Australia) and analyzed using LabChart software (Version 7.0; ADInstruments, Sydney, Australia). Immediately after measurements, animals were killed via exsanguination by cardiac puncture, and tissues were collected in order to perform histological and molecular evaluations.

Vascular Reactivity in Isolated Aortas {#s0002-s2006}
--------------------------------------

After euthanasia, the thoracic aorta was removed from rats, cleaned of connective tissue and prepared for isometric tension recording. Aortic rings of 3--4 mm length were placed in chambers filled with physiological solution composed of mM: NaCl 123, KCl 4.7, MgCl~2~ 1.2, KH~2~PO~4~ 1.2, glucose 11.5, NaHCO~3~ 15.5, CaCl~2~ 1.2; oxygenated with 95% O~2~/5% CO~2~ and maintained at 37°C in resting tension of 1.0 g. After a period of 2 h, preparations were exposed to increasing concentrations of Phe (1 nM--10 μM) followed by the addition of increasing concentrations of ACh (1 nM--10 μM) to determine the endothelial vasodilator response.

Histomorphometric Analysis {#s0002-s2007}
--------------------------

For histological analysis, heart apex was fixed in zinc formalin, embedded in paraffin and tissue sections (5 µm) were stained and examined at 400x magnification under a Axiostar microscope (Zeiss, Jena, Germany). Interstitial cell number and collagen content were analyzed in hematoxylin and eosin and picro-Sirius red stained sections, respectively, in 15--20 fields of LV using Fiji software.[@cit0017],[@cit0025]

Membrane Preparations and Western Blot Analysis {#s0002-s2008}
-----------------------------------------------

Heart homogenates were prepared for protein expression analysis by Western blot as previously published.[@cit0017] Briefly, tissues were harvested, stored in lysis buffer with protease inhibitors, and frozen in liquid nitrogen. Heart samples were homogenized and centrifuged at 1000×*g*. Supernatants were collected and total protein concentrations were determined by spectrophotometry.[@cit0026] Equal amounts of protein (50 μg) were separated in a 10% sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred to a nitrocellulose membrane using a semi-dry system (Bio-Rad, Hercules, CA, USA). Membranes were blocked with 5% nonfat dry milk in phospahte-buffered saline (PBS) containing 0.1% Tween and incubated with primary antibodies to c-fos (1:200), iNOS (1:1000), RAGE (1:200), TNF-α (1:1000), and GAPDH (1:1000) as loading control. Detection of specific bands was performed using secondary antibodies anti-rabbit (1:10,000) or anti-mouse (1:10,000) and ECL Prime (RPN2232; GE Healthcare, Chicago, IL, USA) as the substrate for horseradish peroxidase. Images were acquired by chemiluminescence using Image Quant LAS4000 (GE Healthcare, Chicago, IL, USA) and quantitation of protein content was analyzed by densitometry using ImageJ (version 1.6.0) and normalized to GAPDH.

Data Analysis and Statistics {#s0002-s2009}
----------------------------

Data were expressed as means ± standard errors of the mean (SEM) and were analyzed using the GraphPrism software (version 6.0; GraphPad, San Diego, CA, USA). The experimental groups were compared using one-way analysis of variance (ANOVA) with a significance level of *p* \< 0.05, followed by a post-hoc Dunnett's test.

Results {#s0003}
=======

LASSBio-2090 Normalizes Blood Glucose, Insulin and Reduces Body Weight Gain and Lipid Levels in ZDF Rats {#s0003-s2001}
--------------------------------------------------------------------------------------------------------

Body weights as well as levels of blood glucose, insulin, cholesterol and triglycerides of ZDF rats are shown in [[supplementary Table 1](https://www.dovepress.com/get_supplementary_file.php?f=258459.doc)]{.ul}. No significant difference between baseline and endpoint measurements was detected in vehicle-treated groups ([Table 1](#t0001){ref-type="table"}). After administration of vehicle for 14 days, body weight remained significantly higher in ZDF group when compared to ZL littermates (*p* \< 0.05). However, ZDF rats treated with LASSBio-2090 showed reduced body weight when compared to vehicle-treated counterparts (*p* \< 0.05).Table 1Biochemical and Physical ParametersZL (*n* = 6)ZDF + Vehicle (*n* = 6)ZDF + LASSBio-2090 (*n* = 6)Body weight (g)297.3 ± 9.5525.0 ± 14.6\*467.7 ± 5.2^\#^Glucose (mg/dL)87.6 ± 4.4122.8 ± 6.2\*85.0 ± 1.7^\#^Insulin (ng/mL)1.5 ± 0.12.5 ± 0.1\*1.4 ± 0.1^\#^Total cholesterol (mg/dL)90.5 ± 11.8177.8 ± 31.2\*104.8 ± 5.3^\#^Triglycerides (mg/dL)32.8 ± 4.2123.0 ± 11.4\*90.9 ± 4.8\*,^\#^QUICKI index0.284 ± 0.0030.257 ± 0.002\*0.288 ± 0.003^\#^TyG index7.27 ± 0.148.93 ± 0.11\*8.26 ± 0.06\*,^\#^[^2]

T2DM obese rats presented impaired glucose handling, with increased blood glucose and insulin levels when compared to ZL group (*p* \< 0.05). Analysis of surrogate indexes of insulin resistance (QUICKI and TyG) showed a significant deterioration of tissue insulin sensitivity in ZDF animals (*p* \< 0.05). Daily ip injections of LASSBio-2090 for 2 weeks normalized both glycemia and insulinemia and improved insulin sensitivity compared to vehicle-treated ZDF group (*p* \< 0.05). Besides, LASSBio-2090 also reduced the elevated blood lipid content seen in ZDF rats compared to the lean group (*p* \< 0.05). Lower plasma concentrations of total cholesterol and triglycerides were detected in ZDF + LASSBio-2090 animals than in ZDF + vehicle group (*p* \< 0.05).

Hemodynamic Alterations and Endothelial Dysfunction in ZDF Rats Were Normalized After Treatment with LASSBio-2090 {#s0003-s2002}
-----------------------------------------------------------------------------------------------------------------

The effects of vehicle or LASSBio-2090 administration on arterial and LV hemodynamics on ZDF rats are shown in [Table 2](#t0002){ref-type="table"}. Obese T2DM animals treated with vehicle exhibited higher SBP, and DBP in comparison with the ZL group (*p* \< 0.05). After 2 weeks of treatment with LASSBio-2090, ZDF rats presented a significant reduction in those parameters (*p* \< 0.05). Additionally, a significant increase in the LVSP was observed in vehicle-treated ZDF diabetic rats when compared with non-diabetic animals (*p* \< 0.05). In contrast, normal intraventricular pressure was detected in obese T2DM animals treated with LASSBio-2090 (*p* \< 0.05). The LVEDP was significantly higher in the ZDF + vehicle group than in control rats (*p* \< 0.05), and LASSBio-2090 reduced this hemodynamic parameter (*p* \< 0.05).Table 2Hemodynamic Parameters and Endothelial FunctionZL (*n* = 6)ZDF + Vehicle (*n* = 6)ZDF + LASSBio-2090 (*n* = 6)SBP (mmHg)101.7 ± 6.7156.0 ± 10.3\*137.5 ± 7.5\*,^\#^DBP (mmHg)74.4 ± 7.1109.6 ± 5.0\*93.4 ± 2.7^\#^LVSP (mmHg)92.4 ± 4.1123.6 ± 4.7\*98.6 ± 4.4^\#^LVEDP (mmHg)5.0 ± 0.814.8 ± 1.8\*5.4 ± 1.8^\#^+dP/dt (mmHg/s)6614.0 ± 270.24506.0 ± 329.5\*7536.0 ± 380.0^\#^--dP/dt (mmHg/s)−6465.0 ± 432.6−3983.0 ± 810.2\*−6135.0 ± 389.7^\#^ACh~max~ (%)97.5 ± 3.458.0 ± 3.5\*93.1 ± 1.7^\#^[^3][^4]

Positive and negative dP/dt were altered by obesity-associated T2DM compared to non-diabetic counterparts (*p* \< 0.05). Daily injections of LASSBio-2090 for 2 weeks in ZDF group significantly normalized those data which represent myocardial contractility (+dP/dt) and relaxation (--dP/dt), respectively. Furthermore, T2DM impaired the vascular reactivity in ZDF rats as depicted by lower ACh-induced relaxation in the aorta than in ZL non-diabetic rats (*p* \< 0.05). This endothelial dysfunction was totally reversed after treatment with LASSBio-2090 in diabetic rats compared to vehicle-treated ZDF animals (*p* \< 0.05).

LASSBio-2090 Treatment Normalized Heart Dysfunction in Obese T2DM Rats {#s0003-s2003}
----------------------------------------------------------------------

The effects of LASSBio-2090 administration on LV diastolic and systolic function from ZL and ZDF diabetic rats are shown in [Figure 2](#f0002){ref-type="fig"}. Doppler-derived filling pressure, or the ratio of early filling-to-mitral annular descent (E/e′), was higher in rats with T2DM compared to their controls at baseline ([[Supplementary Table 2](https://www.dovepress.com/get_supplementary_file.php?f=258459.doc)]{.ul}) and treatment with DMSO did not induce any further change ([Figure 2A](#f0002){ref-type="fig"}; *p* \< 0.05). Moreover, a moderate reduction of ejection fraction (EF) was observed in ZDF rats when compared to controls both before and after treatment, although still ranging between 40% and 50% ([[Supplementary Table 2](https://www.dovepress.com/get_supplementary_file.php?f=258459.doc)]{.ul} and [Figure 2B](#f0002){ref-type="fig"}; *p* \< 0.05). Treatment with LASSBio-2090 for 2 weeks reversed these impairments in LV diastolic and systolic function in ZDF diabetic rats when compared to their vehicle-treated counterparts (*p* \< 0.05).Figure 2Effects of LASSBio-2090 or vehicle administration for 2 weeks on LV filling pressure (**A**), ejection fraction (**B**), cardiac output (**C**) and heart rate (**D**). Data represent the mean ± SEM (*n* = 6 rats per group). \**p* \< 0.05 compared with ZL group; ^\#^*p* \< 0.05 compared with ZDF group treated with vehicle. Ordinary one-way ANOVA with Dunnett's multiple comparisons test.

Additionally, a lower LV cardiac output (CO) was also observed ([Figure 2C](#f0002){ref-type="fig"}) in association with an increase of heart rate (HR; [Figure 2D](#f0002){ref-type="fig"}) from ZDF group than that observed in ZL animals, as already displayed in baseline measurements ([[Supplementary Table 2](https://www.dovepress.com/get_supplementary_file.php?f=258459.doc)]{.ul}). Two weeks of treatment with LASSBio-2090 normalized these indexes of cardiac performance compared to vehicle-treated ZDF rats ([Figure 2C](#f0002){ref-type="fig"},D; *p* \< 0.05).

Treatment of Obese T2DM Rats with LASSBio-2090 Reduced LV Wall Hypertrophy {#s0003-s2004}
--------------------------------------------------------------------------

[Figure 3A](#f0003){ref-type="fig"} shows M-mode echocardiographic images of LVs from all experimental groups. Both anterior wall thickness (AWTd) and posterior wall thickness (PWTd) measured at end diastole were significantly greater in ZDF rats when compared with ZL group ([Figure 3B](#f0003){ref-type="fig"} and [C](#f0003){ref-type="fig"}, respectively; *p* \< 0.05). Consequently, relative wall thickness (RWT) was significantly higher in diabetic animals than in non-diabetic rats ([Figure 3D](#f0003){ref-type="fig"}; *p* \< 0.05), as shown before treatment ([[Supplementary Table 3](https://www.dovepress.com/get_supplementary_file.php?f=258459.doc)]{.ul}). Importantly, treatment of ZDF rats with LASSBio-2090 also reversed these deleterious effects of diabetes-induced LV wall hypertrophy ([Figure 3B](#f0003){ref-type="fig"}--D; *p* \< 0.05). No differences in end-diastolic internal LV diameter was observed either before or after treatment ([[Supplementary Table 3](https://www.dovepress.com/get_supplementary_file.php?f=258459.doc)]{.ul} and [Figure 3E](#f0003){ref-type="fig"}, respectively), as well as in end-systolic measures (data not shown).Figure 3Effects of the intraperitoneal treatment with vehicle or LASSBio-2090 (100 µmol/kg/day) on LV wall thickness. Figure (**A**), representative images obtained by M-mode echocardiography. Figures (**B** and **C**), anterior (**B**) and posterior (**C**) wall thickness at diastole. Figure (**D**), relative left ventricle wall thickness. Figure (**E**), left ventricle internal diameter at diastole. Data represent the mean ± SEM (*n* = 6 rats per group). \**p* \< 0.05 compared with ZL group; ^\#^*p* \< 0.05 compared with ZDF group treated with vehicle. Ordinary one-way ANOVA with Dunnett's multiple comparisons test.

LASSBio-2090 Reversed LV Tissue Remodeling and Fibrosis in ZDF Rats {#s0003-s2005}
-------------------------------------------------------------------

Representative images of LV tissue from all experimental groups showing cardiac interstitial cells and collagen content are shown in [Figure 4A](#f0004){ref-type="fig"} and [B](#f0004){ref-type="fig"}, respectively. It was observed that the quantitative histological analysis of interstitial cells ([Figure 4C](#f0004){ref-type="fig"}) and collagen fractional area ([Figure 4D](#f0004){ref-type="fig"}) in hearts from ZDF diabetic rats had an increase compared to ZL animals (*p* \< 0.05). Importantly, LASSBio-2090 treatment significantly reduced the LV tissue remodeling and fibrosis due to the reduced cell number and collagen content in hearts from ZDF animals compared to T2DM obese rats treated with vehicle (*p* \< 0.05).Figure 4Effects of LASSBio-2090 or vehicle administration on interstitial cell number and collagen deposition in the heart tissue. (**A**) Hematoxylin & eosin and (**B**) picro-Sirius red stained sections. (**C**) Cardiac interstitial cell density. (**D**) Collagen fractional area. Data represent the mean ± SEM (*n* = 6 rats per group). \**p* \< 0.05 compared with ZL group; ^\#^*p* \< 0.05 compared with ZDF group treated with vehicle. Ordinary one-way ANOVA with Dunnett's multiple comparisons test. Scale bar: 20 μm.

Treatment with LASSBio-2090 Reversed LV Expression of Cardiac Stress and Inflammation Associated to T2DM {#s0003-s2006}
--------------------------------------------------------------------------------------------------------

Administration of LASSBio-2090 in diabetic rats normalized the cardiac expression of markers involved with glycative and oxidative stress and inflammation. [Figure 5A](#f0005){ref-type="fig"} shows representative Western blot images demonstrating the expression of TNF-α, iNOS, c-fos and RAGE in LV tissue from all groups. T2DM increased the tissue content of these proteins ([Figure 5B](#f0005){ref-type="fig"}--[E](#f0005){ref-type="fig"}; *p* \< 0.05 versus control group). LASSBio-2090 promoted return to control levels of RAGE, TNF-α, iNOS, and c-fos expression in hearts from T2DM rats compared to diabetic animals treated with vehicle (*p* \< 0.05).Figure 5Effects of T2DM model on LV protein expression and treatment with vehicle or LASSBio-2090. Figure (**A**), representative Western blot images of TNF-α, iNOS, c-fos, RAGE and GAPDH (loading control). Figure (**B**--**E**), densitometric ratio of TNF-α (**B**), iNOS (**C**), c-fos (**D**) and RAGE (**E**). Data represent the mean ± SEM (*n* = 6 rats per group). \**p* \< 0.05 compared with ZL group; ^\#^*p* \< 0.05 compared with ZDF group treated with vehicle. Ordinary one-way ANOVA with Dunnett's multiple comparisons test.

Discussion {#s0004}
==========

The present study outlines the protective effects of LASSBio-2090 against hypertension and cardiomyopathy in a well-characterized animal model of obesity-associated T2DM. As shown, LASSBio-2090 normalized glucose handling, lowered blood pressure, rescued cardiovascular function and attenuated LV wall remodeling. Evidence suggests that LASSBio-2090 acts mainly by TNF-α blockade, as previously described for its predecessor, LASSBio-1425.

As a consequence of a recessive loss-of-function mutation in the leptin receptor, ZDF rats present hyperphagia, become obese and develop dyslipidemia and insulin resistance at an early age.[@cit0022],[@cit0027] In this setting, LASSBio-2090 treatment not only reduced total body weight of ZDF rats by 5%--10% but also significantly decreased plasma cholesterol and triglyceride levels. Moderate weight loss and reduction of serum lipid concentrations are important goals of treatment of obese T2DM subjects because both are related to improved glycemic control and lower risk of cardiovascular disease.[@cit0002]--[@cit0004],[@cit0028]--[@cit0030] It is worth noting that LASSBio-2090 retains the lipid-lowering effect observed for LASSBio-1425,[@cit0016] indicating a common mechanism of action.

Reduction of hyperglycemia and insulin resistance are imperative to T2DM treatment becaue both factors are responsible for the development of diabetes comorbidities such as DC.[@cit0008],[@cit0031] LASSBio-2090 showed anti-diabetic activity by normalizing fasting blood glucose in ZDF-treated rats. Besides, insulin resistance was significantly diminished by treatment with LASSBio-2090, as demonstrated by an improved QUICKI index and reduced plasma insulin in ZDF animals when compared to their vehicle-treated counterparts. The significant decrease in TyG index of obese rats treated with LASSBio-2090 indicates that the effect of this new NAH is a direct consequence of a reduction in gluco- and lipotoxic effects on insulin sensitivity. Elevated plasma lipid concentration occurs soon after weaning in ZDF rats and is a consequence of an imbalance between lipogenesis and lipolysis in adipocytes.[@cit0027] Metabolic stressed adipose tissue shows an increased secretion of inflammatory cytokines, such as TNF-α, which negatively impacts insulin receptor signaling.[@cit0012],[@cit0032] Therefore, given the mild reduction in lipid dysmetabolism by LASSBio-2090, the effect of treatment on insulin resistance seems to be related to decreased circulating TNF-α levels, as previously reported for LASSBio-1425.[@cit0016]

LASSBio-2090\'s effects on glycemia and serum lipids may also contribute to vascular endothelial function, as these factors are directly related to the formation of advanced glycation endproducts (AGE) and oxidized low-density lipoprotein (oxLDL), which trigger pro-inflammatory responses on the vessel wall.[@cit0003] Impaired vasodilator response to ACh is a direct consequence of endothelial cell activation, with increased expression of inflammatory cytokines and adhesion molecules and lower production of nitric oxide.[@cit0004],[@cit0006] In obese individuals and ZDF animals, increased TNF-α levels are strongly related to lower endothelium-dependent vasodilator response.[@cit0012],[@cit0033] LASSBio-2090 reversed the endothelial dysfunction in obese animals in a similar way as LASSBio-1425,[@cit0016] suggesting once more a shared mechanism of action by TNF-α inhibition.

Insufficient control of vascular tone by endothelial cells is associated to increased blood pressure and vascular stiffening found in obese hypertense individuals.[@cit0004],[@cit0006] Metabolic disturbances and endothelial dysfunction led to development of hypertension in ZDF rats, which presented systemic hypertension, as demonstrated by increased SBP and DBP. Given the multifactorial nature of blood pressure regulation and arterial remodeling in obese hypertension, the improvement in glucose homeostasis and total reversal of endothelial dysfunction proved insufficient to normalize arterial hemodynamics and treatment with LASSBio-2090 for 2 weeks produced only a mild anti-hypertensive effect.

Cardiac structure and function not only are affected by hypertension but also by metabolic alterations developed during T2DM progression.[@cit0003] Cardiac hemodynamics was directly affected by hypertension and diabetes in obese rats, leading to a marked reduction in CO. As result of higher afterload in vehicle-treated ZDF group, increased RWT was found by echocardiography, indicating myocardial wall hypertrophy. Despite the mild reduction in blood pressure, LASSBio-2090 normalized CO and wall thickness-to-chamber diameter ratio, indicating further effects on cardiac muscle other than afterload decrease.

In late-stage DC innumerous changes in metabolism, neurohumoral hyperactivation and cardiac fibrosis impair coronary circulation and systolic function.[@cit0010] Obese rats show elevated HR, probably as a compensatory mechanism to severely reduced CO. Sympathetic overstimulation may also account for this alteration as well as to persistent elevated blood pressure.[@cit0034]--[@cit0037] However, a positive inotropic response to adrenergic agonism was not observed in ZDF rats because of their reduced myocardial contractility (EF and +dP/dt). Similarly, positive lusitropism was attenuated by diastolic dysfunction, with reduced relaxation rate (--dP/dt) and higher filling pressure (E/e') and LVEDP. Impaired diastolic filling is associated with obesity and T2DM as both generate metabolic and structural disturbances which lead to reduction in ventricular compliance and subsequent damage to LV passive filling.[@cit0008] Two weeks of treatment with LASSBio-2090 ip normalized both diastolic and systolic functions and HR. This last finding indicates a reduction in sympathetic cardiac stimulation and suggests a distinct mechanism of enhanced cardiomyocyte function, apart from altered sensitivity to adrenoceptor activation.

Myocardial inflammation is an important feature in the development of DC.[@cit0008],[@cit0010] Cardiomyocyte stress by chronic hyperglycemia, dyslipidemia and increased workload is marked by impaired calcium handling and contractility and increased oxidative stress and cytokine secretion, leading to recruitment and activation of interstitial cells.[@cit0008],[@cit0013] Cytokine-stimulated cardiac fibroblasts show enhanced collagen secretion and exacerbated collagen deposition is found in hearts from T2DM subjects.[@cit0009],[@cit0013] Additionally, non-enzymatic formation of glycated collagen and AGE crosslinks are thought to contribute to myocardial stiffness in DC.[@cit0008] Our findings are in agreement with previous data, as LV histological examination in ZDF diabetic rats presented increased interstitial cellularity and myocardial collagen content. In this context, besides reversing macroscopic remodeling (RWT), LASSBio-2090 normalized LV cell density and collagen deposition, indicating that its effects are mediated by a reduction in stress-induced signaling pathways involved both in myocyte hypertrophy and activation of interstitial cells.

TNF-α is one of the main pro-inflammatory cytokines responsible for the reduction of cardiomyocyte contractility and stimulation of heart fibrosis.[@cit0013] It was reported that increased levels of TNF-α in hearts from diabetic rodents is significantly correlated with development of LV dysfunction and is negatively correlated with degree of contractility.[@cit0038]--[@cit0041] This cytokine is also responsible for perturbations in cardiomyocyte metabolism given its negative effect on the intracellular cascade triggered by activation of insulin receptor.[@cit0032] In the current study, LASSBio-2090 normalized the upregulation of TNF-α in the heart tissue from ZDF rats with DC and this was reflected in improved LV function in vivo as depicted by the normalization of contractility and compliance and reduction in cardiac remodeling.

Downstream effectors of TNF-α signaling activate the transcription of many pro-inflammatory and pro-remodeling genes, as targets of nuclear factor κB (NFκB) and activator protein-1 (AP-1) ([Figure 6](#f0006){ref-type="fig"}).[@cit0042],[@cit0043] An example is the expression of the inducible isoform of nitric oxide synthase (iNOS) by NFκB activation. In opposition to its endothelial and neuronal counterparts, iNOS is constitutively active and is responsible for an over-production of nitric oxide, thereby contributing to increased oxidative stress and depressed heart function in DC.[@cit0044] ZDF rats treated with LASSBio-2090 had a decrease in iNOS protein content in LV tissue to ZL level, supposedly by reduced TNF-α-stimulated NFκB activation, further contributing to cardiac efficiency normalization.Figure 6Proposed mechanism of action of LASSBio-2090. By reducing TNF-α levels, LASSBio-2090 hampers the transcription of proteins associated with sustained tissue inflammation (red arrows).

Activation of AP-1 transcription factor is regulated by expression of its constituents, like the c-fos protein. Upregulation of c-fos is associated with inflammation and tissue remodeling, as this early response gene product is highly expressed after metabolic stress, cell injury or cytokine stimulation.[@cit0045]--[@cit0047] This finding is in accordance with our data, as a higher level of c-fos was detected in LV tissue from T2DM obese rats. Two weeks of LASSBio-2090 treatment reduced LV wall hypertrophy and fibrosis and this action of the new NAH derivative appears to be related to reduction in c-fos expression in hearts from ZDF diabetic animals.

High glucose levels also can dramatically deregulate the structure and function of cardiomyocytes, as increased levels of glycated proteins and lipids (as AGE) activate the pattern-recognition receptor RAGE. The complex AGE--RAGE supports the inflammatory process by promoting oxidative stress and further activation of NFκB and AP-1,[@cit0048]--[@cit0050] contributing to cardiac cell damage, leukocyte infiltration and fibroblast activation.[@cit0051]--[@cit0053] Furthermore, RAGE and TNF-α protein contents are integrated in a positive feedback loop ([Figure 6](#f0006){ref-type="fig"}), further collaborating to sustained tissue inflammation.[@cit0050],[@cit0054]-[@cit0056] Treatment with LASSBio-2090 normalized RAGE expression in the myocardium of ZDF rats concomitantly to the remaining proteins, thereby contributing to enhanced cardiac function and LV wall histology in obese animals.

Finally, although the pharmacotherapy of diabetes has greatly evolved since the discovery of insulin, the development of anti-hyperglycemic drugs with associated anti-obesity effects has received attention only recently.[@cit0029] Despite initially being designed to fit a pharmacophore model of DPP4 inhibitors, LASSBio-2090 caused a significant reduction in body weight, in contrast with the approved gliptins which are deemed "weight neutral"[@cit0031] Moreover, LASSBio-2090 also improved cardiac systolic function, a further disparity with current knowledge about DDP4 inhibitors, which do not present such effects in rodents or in T2DM patients presenting EF below 60%.[@cit0057]--[@cit0059] Therefore, although the contribution of DPP4 inhibition cannot be totally ruled out for the beneficial effects observed, it does not seem to be the main mechanism of action of LASSBio-2090.

Because its design was also based on modification of a thalidomide analogue, the new NAH demonstrated anti-TNF-α effects of the same magnitude and at an equimolar dose as its archetype, LASSBio-1425. The insertion of the NAH group between the phthalimide-like moiety and the aryl group preserved both the anti-inflammatory and anti-dyslipidemic effects of LASSBio-1425, and demonstrates the versatility of this privileged structure to the design of new bioactive molecules. LASSBio-2090 improved glucose and lipid metabolism and enhanced cardiac performance in T2DM obese rats, possibly by inhibition of TNF-α synthesis. Moreover, the impact of this new compound on body weight reduction shows a promising therapeutic potential to obese T2DM subjects, in which body adiposity is significantly associated with risk of developing cardiovascular disease. Although the limitation of the lack of similarity of the present rat model to a less severe clinical condition, LASSBio-2090 will certainly be of benefit to determine that the TNF-α synthesis pathway could interfere with the obesity-associated DC.

Conclusion {#s0005}
==========

Despite the increased prevalence, no single therapy is currently used on treatment of obesity-associated T2DM and its cardiovascular comorbidities. The cardiac injuries induced by T2DM in ZDF rats were ameliorated by TNF-α inhibition with LASSBio-2090 treatment, a new approach that may constitute an innovative therapeutic strategy for treating these conditions in the clinical field in future. Data here presented suggests the potential pharmacological profile of this new NAH to prevent the progression of hypertension and DC in obese subjects. LASSBio-2090 treatment offered remarkable benefits as improved insulin sensitivity, significant weight reduction and preservation of cardiac and vascular function in ZDF obese rats, standing out as a new lead compound with anti-obesity and anti-diabetic effects.
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